ABSTRACT
INTRODUCTION
The rapid growth of the residential solar PV market has boosted the energy storage market. Not only distribution system operators (DSO) but also small end-customers are getting interested in local battery storage solutions [1] . An energy storage can limit the locally generated power output into the grid. This can deliver many benefits to both the DSO and the end-customer. On the utility scale at the high-voltage (HV) level, the increasing amount of intermittent renewables will require additional balancing power and frequency reserves to maintain the frequency and keep the grid stable. The forecasting errors increase the trading volumes through the intra-day and balancing power markets. Moreover, the intermittent nature of renewables increases the volatility of the market prices, which provides promising opportunities for market participants to earn by price arbitrage. The increasing penetration of energy storages in the residential sector and their use for balancing power and frequency regulation purposes will allow the substitution of a significant part of expensive and polluting spinning reserves. This, again, will cut greenhouse gas emissions. There are high expectations for residential PV battery systems among the stakeholders, but still, it is not clear what benefits they will provide to the owners of such systems. Further questions are: Will they be used too often or too little, what is their cost-benefit ratio, and will their operation be profitable at all when used simultaneously for multiple tasks. The fact today is that an energy storage is not profitable w hen used o nly for peak load cut o r as a solar PV generation storage. In this case, the cost of use is higher than the savings [2] . Therefore, a valorization model has to be found for the battery energy storage that will reveal the revenue streams to guarantee the profitable operation o f t he s t o r a g e . P re v i o u s re s e a rc h ha s m a i n l y s ho w n results either on utility scale storage operation in the balancing power market [3] or on the operation of residential storage in spot markets [4] . This paper covers the gap and introduces the novel opportunities for the residential energy storage operation in the balancing power market.
The main objective of the paper is to analyze and assess the value of an energy storage for a single residential customer in the balancing power market through price arbitrage. It is assumed that the customer has solar PV on the premises. The global question is how the energy storage has to be operated so that it meets its primary target to maintain the reliability and security of supply in the highly intermittent generation environment, and at the same time, delivers financial remuneration to the customers.
APPLICATIONS

OF RESIDENTIAL BATTERY STORAGE
The primary and secondary applications of the energy storage operation are described in this section.
Primary applications
This section provides feasibility studies of energy storage operation for such applications as peak cut, selfconsumption maximization, and spot price arbitrage. The storage is considered to be underutilized or fully utilized if the annual amount of energy is less or more than minimum annual stored energy in the battery:
Annual calendar aging cost of use is calculated = )
Assuming a battery of 7 kWh capacity, the minimum annual stored energy (1) and the corresponding calendar aging cost of use (2) can be calculated for the different battery types. Charging from PV The battery storage is charged from the excess solar PV generation and is later discharged into the loads. The amount of excess PV generation depends on the PV size, solar irradiation, and load type. The main idea is that when there is excess energy generated by solar PV panels, the energy storage will be reserved for that purpose and is not available for the other applications. However, if the peak cut need arises during that moment, there is less or no need at all to use the battery for the peak cut purpose. Instead, the peak power can be cut directly by the customer's ow n solar PV generation. In this case, the energy storage can be operated against other applications such as spot market or balancing power market. The amount of annual energy stored from solar PV is less than the minimum annual stored energy, and therefore the battery is underutilized if used only for PV excess generation storage.
Peak Cut
As customers become more independent of the grid energy supply with PV battery systems, the retail tariffs tend to become more capacity based to compensate for the lack of energy-based income to the DSOs. This, in turn, gives a motivation for customers to keep their consumption under a predefined power level, and therefore, an energy storage will be of high importance. A similar question is raised in this section: what should be the maximum price of stored kWh in the battery to enable its profitable operation for the peak cut purpose: (3) (4) where , €/kW cost of 1 kW capacity the customer has to pay according to a power-based tariff [5] . , kW the difference between the previous power level and the new power level, kW. , kWh annual amount of stored energy in the battery , cents/kWh price of stored energy in the battery
The annual cost of stored energy is calendar aging based cost or cycle aging based cost depending on the annual energy stored in the battery.
Below Fig.1 illustrates the energies to be cut for the required peak cut level for the two different customers: with fully stored electric heating and direct electric heating loads. The load profiles of the two customer types differ in their peak-to-average demand ratio that is the ratio between the peak power and the average power. Fig. 2 and 3 show the corresponding cost and savings.
The red and green lines represent the cost of use of the most expensive and least expensive battery types considered in this study. The cost is calculated using (4). The savings are much smaller than the cost of use if the a nnu al e ne rgy s to re d i n t he b at te ry is le s s tha n t he minimum stored energy (the storage is underutilized). If the annual stored energy is larger than the minimum value, the cost of use decreases dramatically, and the profitability of the operation is ensured. Therefore, there is an urgent need to increase the operation of the storage through other applications and thus obtain more revenue streams. Otherwise, the operation of an energy storage used only for the peak cut application is not profitable.
Price arbitrage in the spot market
The prices of the Elspot market for the Finnish area were u s e d i n t he a n a l y z e s . I n [ 6 ] i t w a s s ho w n t ha t t he operation of the large scale storage units on the day-ahead spot market is not yet profitable because of the low prices, low price fluctuation and high storage cost. Also for the residential scale, even rough estimations show that it is not profitable to operate the energy storage in the spot market.
Secondary applications:ancillary services
These applications are possible only through an aggregator service, because a residential storage unit is too small to participate independently in ancillary service markets such as the balancing power and the frequency reserve market. Distributed residential energy storages can be aggregated into a virtual power plant [7] , and its total capacity is then bid to ancillary service markets.
In the paper, when the battery is operated in the balancing power market through the price arbitrage, the discharging will take place at the up-regulating prices and the charging at the spot prices. An alternative could also be to charge the battery at down-regulating prices. However, because of the poor predictability of the down-regulating prices, this option is not considered in this context. It is not known when the down-regulation hour will happen, a n d w h i l e r e s e r v i n g t h e c a p a c i t y f o r t h a t , t h e u pregulating peak price and the opportunity to earn may be missed.
METHODOLOGY DESCRIPTION
This section presents a methodology to define economically profitable operation of an energy storage on a single residential customer's premises in a balancing power market. The methodology is not limited to any specific balancing power market and therefore can be applied to any market environment.
Assumptions and limitations of the study 1 . The cycle aging of the battery takes into account the amount of energy stored in the battery and does not consider the power rate of the battery. 2. Throughout the simulations, the charging and discharging powers are limited by the power band level and the hourly load consumption, respectively. 3. The forecast of the balancing prices is neglected. Instead, the real historical prices and information about up-regulation hours are used in the simulations.
Constraints
T he e ne rg y s t o ra g e o f a s i n g l e c u s t o m e r ha s t o b e scheduled for an economical operation within the technical boundaries. The constraints considered are the customer's own PV generation, the power band limit, and the spot market profitability. The first boundary, PV generation, means that the storage capacity cannot be bid to the balancing power market if charging from PV is possible in those hours. This is due to the fact that charging the storage from the customer's PV generation is the primary reason for the customer to purchase the energy storage. The monetary benefit for a single customer of charging the storage from own solar PV is much lower than operating the battery in the balancing power market. In fact, the profit is negative in countries where grid parity has not yet taken place, and positive in countries where grid parity has already occurred. Despite this fact, the option to charge the battery from own solar PV will be given a priority.
The second constraint is the power band level that sets limits on the charging power. However, the battery capacity can be bid to the balancing power market at the same time when there is a need for peak shaving. That way the savings will be obtained from both applications at the same time and the benefit-cost ratio of such operation will be significantly increased. This is possible only for the combination of certain applications, but is not for a combination of other applications. For instance, peak shaving can be simultaneously carried out along with the operation in either balancing power market, or spot market, or frequency reserve market.
The third boundary is the profitable operation in the spot market.
Mathematical Formulation
Two algorithms are developed: operation in the balancing power market without and with constraints set by the primary applications.
1. Cost-benefit analysis of storage operation in the balancing power market without constraints. The storage capacity is bid to the balancing market every hour of the year. The charging/discharging powers are limited by the SOC (state of charge) level of the storage at the hour in question. The bid formulation includes setting the minimum upregulating price. If the settled price on the balancing market is higher than the up-regulating price offered by a single customer, the bid is accepted:
(5) The assumption is that all the charging events are carried out at the spot prices because of the poor predictability of the down-regulating prices and down-regulation hours.
Cost-benefit analysis of storage operation in the balancing power market with constraints set by the peak cut application. The algorithm is as stated above but the charging and discharging powers are limited also by the power bandwidth in addition to the SOC of the battery.
CASE STUDY RESULTS
The methodology is applied to the Nordic balancing power market up-regulating prices. The simulations are executed for the prices in year 2012, when the upregulating prices exceeded 20 times the level of 600 €/MWh and exceeded 1000€/MWh 16 times. The simulation without and with power band constraints yielded the results presented in Fig. 5 and 6 , respectively. Figure 6 shows the profits (upper lines) and costs (lower lines) obtained from the price arbitrage in the balancing up-regulating and spot market prices. The peak cut depending on the power band constraint varies from 0 to 3 kW and energy cut from 0 to 227 kWh. The analyses are done for a single customer with direct electric heating loads (see Fig.3 ). The two main findings of the paper are: 1. The benefit-cost ratio is highest when the battery is operated at the highest price difference in the market, for every battery type. 2. The power band constraint does not affect the benefit-cost ratio of the battery operation in the balancing power market as the obtained savings to cost ratio remains the same as without constraints. Figure 6 . Profits, costs and benefit-cost ratio at various market price differences (x-axis) for the battery type 10 cents/kWh
This means that the battery operation simultaneously for peak cut application and balancing power market do not conflict with each other. It should be kept in mind that the results may vary depending on the balancing power market price levels as well as load profile of a single customer.
CONCLUSION
The paper argues that the battery operation is profitable only when it is used for the secondary applications in addition to the primary ones. The results have shown that it is possible to operate the battery against multiple incentives with the same benefit-cost ratio. The further research questions are defining the earning potential of the battery in the frequency reserve market as well as optimizing battery capacity allocation to multiple secondary applications.
